Intercellular chemical signaling in bacteria, commonly referred to as quorum sensing (QS), relies on the production and detection of compounds known as pheromones to elicit coordinated responses among members of a community. Pheromones produced by Gram-positive bacteria are comprised of small peptides. Based on both peptide structure and sensory system architectures, Grampositive bacterial signaling pathways may be classified into one of four groups with a defining hallmark: cyclical peptides of the Agr type, peptides that contain Gly-Gly processing motifs, sensory systems of the RNPP family, or the recently characterized Rgg-like regulatory family. The recent discovery that Rgg family members respond to peptide pheromones increases substantially the number of species in which QS is likely a key regulatory component. These pathways control a variety of fundamental behaviors including conjugation, natural competence for transformation, biofilm development, and virulence factor regulation. Overlapping QS pathways found in multiple species and pathways that utilize conserved peptide pheromones provide opportunities for interspecies communication. Here we review pheromone signaling identified in the genera Enterococcus and Streptococcus, providing examples of all four types of pathways.
Introduction Quorum sensing (QS)
For many years, bacteria were thought to be isolated single-celled organisms lacking social abilities. Secreted signaling molecules were identified (Tomasz & Hotchkiss, 1964) , although infrequently, and the full extent of bacterial communication was not appreciated until much later. Only recently have researchers come to understand bacterial populations as communities of organisms in which signals serve as communication devices, sharing information within and between bacterial populations. The study of this process, termed QS, has provided important insight into how bacteria regulate behaviors in synchrony with members of their community. QS-mediated processes include biofilm formation and dispersal (Davies et al., 1998; Hancock & Perego, 2004; Parsek & Greenberg, 2005; Rickard et al., 2006; Waters et al., 2008; Ueda et al., 2009; Chang et al., 2011) , virulence factor regulation (Winzer & Williams, 2001; Zhu et al., 2002; Rutherford & Bassler, 2012; Subramoni & Sokol, 2012) , competence development (H avarstein et al., 1995; Fontaine et al., 2010; Mashburn-Warren et al., 2010) , sporulation (Perego & Hoch, 1996; Steiner et al., 2012) , and many others.
In Gram-negative bacteria, the QS signals are often acyl-homoserine lactone molecules that have been extensively discussed and reviewed elsewhere (Fuqua et al., 2001; Schauder et al., 2001; Fuqua & Greenberg, 2002; Waters & Bassler, 2005; Ng & Bassler, 2009 ). Grampositive bacteria, on the other hand, are found to use small peptides, commonly termed pheromones, as signals to mediate QS behaviors. In this review, we use the terms QS signal and pheromone interchangeably, recognizing these compounds serve a variety of purposes that may provide a means to measure population density or as a mechanism to signal from one individual to another. These signaling peptides regulate a wide array of processes, including many related to host-microbe interactions, and thus may provide novel targets for therapies that interfere with communication to disrupt bacterial infection. Disrupting virulence without directly killing or inhibiting growth of bacterial pathogens is expected to place lower selective pressure on bacteria to evolve mechanisms that would overcome such treatments. Quorumquenching strategies may therefore provide an alternative method of treatment against antibiotic-resistant pathogens by means that are less likely to perpetuate resistance. To advance development of such therapeutic methodologies, a deeper understanding of the mechanisms by which bacteria regulate behaviors by intercellular signaling should be pursued. This review focuses on the current understanding of pheromone pathways used by Gram-positive bacteria of the genera Streptococcus and Enterococcus.
Gram-positive pheromone systems
Recent years have seen a dramatic increase in studies revealing new pheromone pathways among Gram-positive bacteria that expand upon the understanding of peptide signaling described for model organisms like Bacillus subtilis, Staphylococcus aureus, and Streptococcus pneumoniae. It is our aim to categorize fundamental attributes of these pheromone signaling pathways. Although all of the QS peptides described to date among Firmicutes are ribosomally synthesized, their processing, secretion, and signaling abilities differ widely (Fig. 1) . Gram-positive QS pathways fall into four general groups based on features of the pheromones and their receptors: (1) members of the RNPP (Rap, NprR, PlcR, and PrgX) family of regulators; (2) Agr-type cyclical pheromones; (3) peptides with double-glycine (Gly-Gly) processing motifs; and (4) regulators of the Rgg family. It is becoming evident that Gram-positive bacteria often utilize multiple types of QS pathways within a species to control a wide variety of processes.
Pheromones that bind to RNPP regulators are transported to the cytoplasm where they directly interact with an RNPP family member to modulate gene expression. The RNPP family was named for the Rap auxiliary regulatory proteins of B. subtilis, the neutral protease regulator, NprR, found in Bacillus species, the phospholipase C regulator, PlcR, of the B. cereus family, and the pheromone responsive gene regulator, PrgX, of Enterococcus faecalis (Declerck et al., 2007) . The group has grown to contain many orthologs of these regulators as well. Often the RNPP family member and its cognate peptide are encoded adjacent to one another. Following transcription and translation, pre-peptides are secreted and processed into mature pheromones where they can encounter other cells in the population. The pheromones then are taken into the cell by transporters of the oligopeptide permease (Opp) family and subsequently bind to the RNPP cytoplasmic regulators. In the case of Rap proteins, directly imported into the cell where they interact with their cognate receptor or B. interact with a surface exposed senor kinase (SK). Following peptide interaction with an SK, a signal is transmitted intracellularly in the form of phosphorylation of a response regulator (RR). The phosphorylated RR or peptide/receptor combination can then alter gene expression by either directly binding DNA or interacting with transcriptional regulators such as sigma factors and RNA polymerase.
pheromone binding disrupts the interaction of Rap with response regulator proteins that control gene expression (Core & Perego, 2003; Baker & Neiditch, 2011; Parashar et al., 2013) . NprR, on the other hand, contains a helixturn-helix (HTH) DNA binding domain. Binding of the NprX peptide activates interaction of the NprR HTH domain with DNA, thus activating transcriptional activity (Zouhir et al., 2013) . Similarly, PrgX, a repressor of gene transcription, and PlcR, an activator, are bound by their cognate peptide (or multiple peptides in the case of PrgX) to exert a conformational change in the proteins thus modulating DNA binding and transcriptional regulation of target genes (Bae et al., 2002; Declerck et al., 2007) . The RNPP family of QS systems have been recently reviewed (Rocha-Estrada et al., 2010) .
Agr-type peptides are named for accessory gene regulator, consisting of the genes agrABCD, that stands as a well-studied QS circuit controlling virulence factor expression in S. aureus. A hallmark feature of this pathway is the utilization of a cyclical peptide pheromone encoded by agrD in S. aureus. The peptide is proposed to be exported and processed via a dedicated transport protein termed AgrB (Saenz et al., 2000; Nakayama et al., 2001) . AgrB contains a putative cysteine endopeptidase domain (Qiu et al., 2005) and cyclization of the peptide is thought to be assisted by the transporter. Pheromone detection occurs by a two-component signal transduction system (TCSTS) at the cellular surface whereby the peptide binds to a dedicated histidine kinase, AgrC, that transmits the signal via phosphorylation of the cytoplasmic response regulator AgrA (Sturme et al., 2002) . Orthologous signaling pathways have been identified in Enterococcus (Fsr, discussed below), Clostridium, and Listeria (Agr).
Competence-stimulating peptides (CSPs) of streptococci and class II bacteriocins belong to the Gly-Gly-type peptide family. As their name suggests, these peptides contain a double glycine motif in their conserved leader sequence (LSX 2 ELX 2 IXGG) (Havarstein et al., 1994) . GlyGly peptides are secreted via a transporter containing an accessory domain that proteolytically processes the leader sequence at a site in the polypeptide immediately following the conserved Gly-Gly motif (Havarstein et al., 1995) . As seen in Agr-type systems, peptides of the double glycine family are sensed via a TCSTS that transmits a signal internally via phosphorylation of cognate response regulators.
Like the RNPP family, regulators of the Rgg family directly bind to pheromones that are internalized subsequent to their export and maturation. Although secretion and processing of these peptides is not fully understood, several reports have found a role for the Eep (enhanced expression of pheromone) metalloprotease, which also cleaves the signal sequence of the enterococcal sex pheromones Chang et al., 2011) . These peptides are potentially processed further upon reaching the extracellular milieu, and mature peptides are internalized via Opp or Ami peptide uptake systems prior to interaction with Rggs. Not every Rgg-type regulator has been shown to interact with a peptide pheromone, although as this family of proteins has continued to receive attention, more peptide interactions have been found or are hypothesized to be present (Fleuchot et al., 2011; Shelburne et al., 2011; Cook et al., 2013) . Structural information on Rgg proteins remains elusive; however, structure prediction algorithms suggest that Rgg proteins contain similar tricopeptide repeat (TPR)-like domains responsible for peptide interactions in the RNPP family leading some to propose that Rgg proteins should be included in the RNPP family (Mashburn-Warren et al., 2010; Fleuchot et al., 2011) . For the purposes of this review, we will consider them as separate groups while still highlighting similarities between the two.
RNPP-regulated cell communication The conjugative peptides of Enterococcus faecalis
Enterococci are well known for their ability to undergo conjugation, horizontally transferring genes within and between species via conjugative plasmids. Conjugation in enterococci is generally controlled via two counteracting peptide pheromones where one peptide serves as an inducer of the signaling pathway leading to conjugation, and the other as an inhibitor that prevents unnecessary mating between cells that already contain the plasmid. Several conjugative plasmids have been identified (e.g. pAD1, pCF10, pAM373, etc.) along with the regulatory peptides controlling their transfer, whose names follow the plasmid nomenclature (e.g. cCF10 and iCF10 for conjugation agonist and inhibitor, respectively, of plasmid pCF10; Table 1 ). The inducing peptide precursors are encoded on the chromosome of E. faecalis, while the inhibitor peptides are encoded on the plasmid. Expression of the inhibitor peptide gene from the plasmid ensures that conjugation will not occur between two cells harboring the same conjugative plasmid. Ratios of inducer to inhibitor concentration are tipped in favor of the inducer when plasmid-free cells, which cannot generate the inhibitor, are present, allowing plasmid-free recipient cells to induce plasmid-containing donor cells to conjugate. In general, the conjugative peptides of E. faecalis are highly specific, only stimulating conjugation of their cognate plasmid. Addition of exogenous peptide analogs differing in only one amino acid also fail to activate conjugation of the and Cook et al. (2013) sdeg_0056 MKKINKALLLTLIM/DILIIVGG Pheromones of Enterococcus and Streptococcus cognate plasmid, further demonstrating the high specificity of conjugative peptides (Dunny et al., 2001) . Although the peptide binding proteins encoded on the conjugative plasmids are highly homologous, some variability exists in the peptide binding pocket, presumably contributing to specificity (Dunny et al., 2001) . For this review, we focus on the pCF10 conjugative plasmid system, although the pAD1, pPD1, and pAM373 regulatory systems have also been described and reviewed in varying detail and share common aspects of signaling (Wirth, 1994; Nakayama et al., 1995; De Boever et al., 2000; Clewell, 2007) . The inducer pheromone of pCF10 is expressed constitutively as part of a lipoprotein, CcfA (Antiporta & Dunny, 2002) , whose function remains unclear. The pheromone peptide is located within the secretion signal-sequence region of CcfA, and is released from the polypeptide by the signal peptidase II (SPII) enzyme (Fig. 2 ). Full processing of the precursor peptide to the mature pheromone also requires the action of the intramembrane Eep metalloprotease, either before or during the secretion process (Chandler et al., 2005a, b; Chandler & Dunny, 2008) . Finally, an exopeptidase is predicted to cleave the remaining three C-terminal amino acids resulting in mature peptide (Antiporta & Dunny, 2002) (Fig. 2) . Given that cCF10 was originally identified as a secreted molecule (Dunny et al., 1978) and that inducing activity is found in culture supernatant (Chandler & Dunny, 2008) , it is reasoned that the cell dissociates the highly hydrophobic peptides (e.g. cCF10, LVTLVFV) from the membrane by a yet to be identified transport system. Cellular detection of mature cCF10 peptide requires importation of the peptide to the cytosol and is facilitated by PrgZ, a plasmid-encoded protein with homology to OppA, the substrate-binding subunit of the oligopeptide permease (Opp) system (Leonard et al., 1996) . PrgZ is thought to recruit the chromosomally encoded permease subunits (OppBCDF) forming a transport complex. PrgZ then substitutes for OppA by binding extracellular pheromone prior to transport through the Opp system. Although the presence of PrgZ increases cell sensitivity to the pheromone, it is not required for pheromone import, presumably because OppA can fulfill this role, albeit with lower affinity (Leonard et al., 1996) . Following import, mature cCF10 binds to the master regulator of conjugation, PrgX, a member of the RNPP family of regulators. In the absence of cCF10, PrgX binds to two target sites on pCF10 upstream of the P Q promoter and represses transcription (Bae et al., 2002) . One of the PrgX binding sites is an inverted repeat while the other only contains a portion of this palindromic sequence. cCF10 binding to PrgX alleviates repression and allows transcription of downstream genes encoding conjugation factors such as aggregation substance (AS; Fig. 3 ).
pCF10-containing cells have several mechanisms to prevent auto-induction of conjugation. The antagonist to cCF10 is the inhibitor pheromone iCF10, which is encoded by prgQ on pCF10. Like CcfA, processing of PrgQ to the mature iCF10 pheromone also occurs in an Eep-dependent manner (Chandler & Dunny, 2008) . Like cCF10, iCF10 is re-imported to the cytoplasm via the Opp system in conjunction with PrgZ (Leonard et al., 1996) and the peptides compete to interact with PrgX (Shi et al., 2005) . Binding of iCF10 stabilizes a tetrameric form of PrgX that is required for optimal interactions with each PrgX binding site on the DNA adjacent to the conjugation promoter, effectively blocking access of RNA polymerase to initiate transcription of conjugation genes. Displacement of iCF10 by cCF10 is thought to destabilize the dimer-dimer interface of the tetramer, and therefore DNA binding, allowing transcription of the conjugation genes (Shi et al., 2005) . Thus, the ratio of the inhibitor and inducer peptides determines the conjugative state of the cell (Chatterjee et al., 2013) (Fig. 3) .
Another mechanism preventing conjugation is mediated by the plasmid-encoded protein PrgY, whose effects are seen in decreasing the availability of endogenous cCF10 (Chandler et al., 2005a, b) . The full mechanism of PrgY-dependent sequestration (or possible degradation) of self-produced cCF10 is not fully understood. It is known that this process is Eep-independent and involves a direct interaction between PrgY and cCF10, although whether cCF10 has been fully processed at this point is also unknown (Chandler & Dunny, 2008) . These events are among the first steps involved in the conjugation process. Several additional elements, beyond PrgX and the pheromones, contribute to a complex regulatory pathway that provides precise control of plasmid transfer. For example, transcriptional interference between divergent P Q and P X promoters causes reciprocal repression on one another and the small RNAs produced from these promoters (Q S and Anti-Q, respectively) interact to form a transcriptional terminator upstream of the conjugation genes (Johnson et al., 2010; Shokeen et al., 2010; Chatterjee et al., 2011) . The Q S RNA also negatively regulates PrgX levels by targeting prgX mRNA for degradation by RNaseIII (Johnson et al., 2011) . Overall, the regulation of this system responds to several levels of transcriptional and post-transcriptional control. The enterococcal sex pheromones not only serve as mediators of a cell-to-cell interaction that initiates conjugation but also serve as an ongoing tally system for the community that indicates the probability of potential 'mates' remaining in a group (Chatterjee et al., 2013) . The use of iCF10 as a means to count donor cells provides a method for the bacteria to down-regulate conjugation genes and prevent the expenditure of energy when the majority of the population already contains the plasmid (Chatterjee et al., 2013) . Using this signal for a dual purpose allows cells to tightly control the spread of genes throughout a population and illustrates flexibility in purpose of signaling peptides while maintaining their specificity.
Components of the conjugation pathway have also been associated with the regulation of virulence behavior in E. faecalis. AS allows clumping of cells to facilitate efficient conjugation and has also been shown to be involved in fibrin adhesion (Hirt et al., 2000) , increased vegetation formation in a rabbit model of endocarditis, (Chuang et al., 2009) and increased biofilm formation and colonization on ex vivo cardiac valves (Chuang-Smith et al., 2010) . Expression of AS is highly upregulated in plasma (Hirt et al., 2002) , possibly due to plasma interference with iCF10 signaling (Chandler et al., 2005a, b) .
The metalloprotease Eep, which is critical in the processing of conjugative peptides as well as Rgg-dependent pheromones (see below), has been implicated in contributing to the virulence of E. faecalis in a rabbit model of endocarditis. A Deep strain is severely attenuated in its ability to form endocarditis vegetations, exhibits an altered cellular distribution in an in vitro biofilm assay (Frank et al., 2011) , and is slightly attenuated in a mouse model of catheter-associated urinary tract infection (Frank et al., 2013) .
The production of conjugative pheromones has not been limited to Enterococcus. pAM373, another conjugative plasmid first discovered in enterococci, is of interest to researchers because its cognate pheromone, cAM373, is . Peptide regulation of pCF10 conjugation in Enterococcus faecalis. During non-inducing conditions, PrgQ is produced constitutively from the P Q promoter. PrgQ, the precursor for the iCF10 peptide, is processed by Eep immediately before or during secretion. Mature iCF10 pheromone in the extracellular milieu is sensed by surrounding cells and taken up via PrgZ and the Opp system where the peptide interacts with the PrgX regulator. PrgX-iCF10 complexes are thought to form a tetrameric structure allowing binding of PrgX to DNA adjacent to P Q , effectively shutting off transcription by blocking RNA polymerase access. Concurrently, cells are constitutively producing CcfA from the chromosome. CcfA, the cCF10 peptide precursor, is processed, secreted, and reimported similarly to iCF10. Once exported, mature cCF10 pheromone has been re-internalized, it competes with iCF10 to bind to PrgX. When cCF10 is in abundance, the system favors PrgX-cCF10 complexes destabilizing the DNA binding tetramer and allowing for increased RNA polymerase access to P Q and transcription of the downstream conjugation genes. also produced by S. aureus and S. gordonii. Although the cAM373 produced by the these species differs slightly from the enterococcal version of cAM373 (S. gordonii by three amino acids and S. aureus by one amino acid), the variant peptides are able to induce conjugation in E. faecalis, indicating a possible role in interspecies signaling and gene transfer (Clewell et al., 1985) . Though transfer of pAM373 to S. aureus and S. gordonii was not reported at the time of discovery of the variant peptides (Clewell et al., 1985) , transfer to S. gordonii was shown in a follow-up study (Vickerman et al., 2010) . This is especially significant as it is believed that vancomycin-resistant enterococci are responsible for transferring vancomycin resistance genes to S. aureus via conjugation, creating vancomycin-resistant S. aureus (VRSA) (Weigel et al., 2007) . Few cases of VRSA have been reported in the United States (Sievert et al., 2008) and the first reported case in Europe was only identified in 2013 (Melo-Cristino et al., 2013) but the spread of antibiotic resistance is a dangerous problem and dissecting the mechanisms of transfer will be essential in preventing further dissemination of resistance determinants.
Agr-type cyclic pheromones
Virulence regulation by the gelatinase biosynthesis-activating pheromone (GBAP) QS peptide in enterococci
Virulence in E. faecalis is also controlled by a peptidebased QS system encoded by the fsr gene locus. The fsr locus is comprised of four genes, fsrABDC, that were originally identified as homologues of the S. aureus Agr QS system (Qin et al., 2000) . The Agr system controls several virulence factors and has been extensively studied and reviewed elsewhere (Novick & Geisinger, 2008; Thoendel et al., 2011) . The fsr QS system is controlled by a peptide, known as GBAP, and is associated with virulence in rabbit models of endophthalmitis and endocarditis, as well as biofilm formation in vitro Hancock & Perego, 2004; Thurlow et al., 2010) .
Originally, the 3′ end of the fsrB gene was thought to encode the GBAP pheromone (Nakayama et al., 2001) . Later studies revealed that the GBAP propeptide was actually encoded by another gene, fsrD, immediately downstream and in-frame with fsrB but translated independently (Fig. 4) (Nakayama et al., 2006) . FsrB is involved in processing the FsrD propeptide to its final active form (Fig. 4) (Qin et al., 2000; Nakayama et al., 2001) . Interestingly, unlike other linear peptides described in this review, GBAP has a cyclic structure. Autoinducers (AIs) from the Agr and Agr-like systems, including AgrD of S. aureus and LamD of Lactobacillus plantarum, form cyclic peptides with thiolactone rings (Lyon & Novick, 2004; Sturme et al., 2005) . GBAP, instead, forms a lactone ring using a serine residue rather than the cysteine residue found in most AgrD-like peptides. It is hypothesized that FsrB has cysteine-protease activity, allowing it to process FsrD to the active GBAP, much like AgrB processes AgrD (Nakayama et al., 2006 ).
An important difference between GBAP and conjugation-peptide signaling can be found in signal detection. As shown in Fig. 4 , GBAP is sensed outside the cell by interacting with the trans-membrane histidine kinase FsrC. FsrC is modulated by the binding of GBAP as the bound ligand promotes kinase activity. FsrC is then able to phosphorylate the DNA binding response regulator pheromones are detected in the cytoplasm following their import and interact directly with transcriptional regulators, rather than acting through a TCSTS.
The fsrABDC locus is located immediately upstream of two genes, gelE and sprE, both of which are positively controlled by the fsr system. GelE and SprE have each been identified as regulators of biofilm formation (Qin et al., 2000; Sifri et al., 2002; Hancock & Perego, 2004) . FsrB also regulates a variety of other genes important in biofilm formation and E. faecalis surface protein expression (Bourgogne et al., 2006) . As biofilm formation is an essential factor in the development of enterococcal diseases such as endocarditis (Nallapareddy et al., 2006; Thurlow et al., 2010) and infections on indwelling catheters (Donlan, 2001) , the Fsr pathway plays an important role in the virulence of E. faecalis.
Gly-Gly peptides Competence pheromones of Mitis and Anginosus streptococci
One of the first-discovered and best-studied peptidecontrolled bacterial processes is competence development in Streptococcus. Natural genetic transformation has long been known as a behavior responsive to a 'communicable' signal among cells of a population, and the mode of communication was first proposed to be a macromolecular, proteinaceous substance (Pakula & Walczak, 1963; Tomasz & Hotchkiss, 1964; Tomasz & Mosser, 1966) . The full characterization of this factor as a 17-residue peptide pheromone was completed some thirty years after its initial descriptions and it was named competence stimulating peptide (CSP) (H avarstein et al., 1995) . CSP is a processed form of ComC, part of the ComAB/Com-CDE system found in the Mitis and Anginosus groups of streptococci Pestova et al., 1996) . Although all members of these groups contain functional ComAB/ComCDE systems, not all of them are naturally transformable in laboratory conditions. CSP is processed from the precursor ComC during export by ComAB (also known as NlmTE in some streptococci) (Hui & Morrison, 1991; H avarstein et al., 1995) . Like GBAP, CSP is not imported into the cell but rather interacts with a TCSTS comprised of a membrane-spanning histidine kinase, ComD, and a cytoplasmic response regulator ComE. The precursor peptide ComC contains a conserved N-terminal double-glycine leader sequence motif characteristic of Gram-positive bacteriocins (discussed below) (Havarstein et al., 1994) . This Gly-Gly sequence is important for cleavage of the leader sequence by the N-terminal peptidase region of ComA (Ishii et al., 2006) . Interestingly, unlike the leader sequence, the mature CSP peptide sequence is not highly conserved between streptococcal species and even in some cases, divergent variants are observed within a species [ (Whatmore et al., 1999) and Table 1 ]. In S. pneumoniae, for example, two distinct allelic variants of comC have been described, comC1 and comC2, encoding CSP-1 and CSP-2 peptide subtypes (Pozzi et al., 1996) (Table 1) . Heterogeneity is also seen in the CSP receptor, ComD, where four distinct allelic variations have been described, each binding in varying degrees to different CSP types (Iannelli et al., 2005) . Not surprisingly, the highest level of amino acid variability is localized to the sensor domain in the N-terminal portion of ComD which is the domain thought to interact with CSP (Pozzi et al., 1996) .
Following CSP interaction with ComD, ComE is phosphorylated and subsequently activates late competence genes (Fig. 5) . Phosphorylated ComE binds to a direct repeat sequence conserved in S. pneumoniae, S. mitis, S. oralis, S. crista, S. gordonii, and S. sanguis (Ween et al., 1999) . This direct repeat is also found upstream of the comAB and comCDE operons, ensuring a positive feedback loop in competence development.
Two important ComE-regulated competence genes are the alternative sigma factor, sigX (also known as comX), and a gene encoding an accessory protein comW (Peterson et al., 2000; Luo et al., 2004) . SigX is highly conserved among streptococci and is even found in species that do not contain the comAB/comCDE genes, such as species of the Pyogenic, Bovis and Salivarius groups (Havarstein, 2010) . It acts to control competence by directing RNA polymerase to a conserved competence induced (cin) box consensus sequence found at the 5′-end of 'late' competence gene operons, which are responsible for DNA uptake and genomic integration (Lee & Morrison, 1999; Luo & Morrison, 2003) . In pneumococci, the period of time that cells remain in the competent state is short, averaging about 20 min. During this period of time, levels of SigX mRNA and protein rise and fall dramatically (Luo & Morrison, 2003) . Though ComAB/ComCDE positive feedback accounts for the rapid increase in SigX production, the late gene dprA mediates negative feedback on the system and shuts down the competent state (Mirouze et al., 2013) . CSP in S. pneumoniae has primarily been studied as an inducer of competence, but in recent years has been shown to control many other bacterial processes through the activation of ComE or SigX. One such process, allolysis or autolysis, involves the lysing and release of virulence factors and DNA by noncompetent cells, allowing predation by competent neighbors (Guiral et al., 2005) . Additionally, S. pneumoniae comE mutants display reduced lung colonization in animal studies, widening the effects associated with CSP regulatory pathways (Kowalko & Sebert, 2008) .
Bacteriocin regulation
Systematic evaluation of TCSTSs in S. pneumoniae identified genes with significant homology to comCDE that contain a small peptide with a double-glycine leader sequence encoded by blpC (Throup et al., 2000) . This quorum-sensing circuit regulates bacteriocin-like peptides (Blps) (de Saizieu et al., 2000) whose sequences and activities are diverse among pneumococcal species (Lux et al., 2007) , and can impact competition among them within a host (Dawid et al., 2007) . Similar genetic loci are found among species of S. thermophilus (Fontaine et al., 2007) , as well as pyogenic species S. pyogenes, S. agalactiae and S. dysgalactiae. Blps are also found in S. mutans but have been labeled comCDE, leading to some confusion as to the primary role of these genes. The BlpABCRH orthologous system of S. mutans was first recognized for its involvement in competence induction in this organism, and has therefore been referred to as Com and the signaling pheromone as CSP. Clear genomic comparisons (Martin et al., 2006) and demonstration that CSP induces promoters located upstream of bacteriocins (van der Ploeg, 2005) confirm that this system is more analogous to the Blp regulatory pathways seen in S. pneumoniae and salivarius species. Effects imposed by induction of bacteriocins, however, have led to intriguing phenotypes in regards to competence induction, most clearly exemplified in S. mutans. CSP induction has a clear effect on culture viability and, through an indirect and undetermined mechanism, requiring induction of mutacin V (CipB), is able to upregulate SigX expression and SigX-dependent genes, including the murein hydrolase LytF, which promotes cell lysis (Perry et al., 2009; Dufour & Levesque, 2013) . CSP also plays a role in the development of biofilms in S. mutans, likely using an autolysis pathway to provide nutrients and extracellular DNA (eDNA) for production of the biofilm matrix (Perry et al., 2009) .
The streptococcal invasion locus, or Sil, is another bacteriocin-like peptide based QS system found in c. 25% of S. pyogenes strains and > 80% of Group G streptococci (GGS) (Michael-Gayego et al., 2013) . The sil locus was originally identified using a transposon screen for virulence in a mouse model of necrotizing fasciitis. A transposon insertion into an open reading frame, silC, showed attenuated virulence, leading researchers to believe that the sil locus may play a role in controlling invasiveness of S. pyogenes (Hidalgo-Grass et al., 2002) . The Sil regulon is composed of silAB which encode a TCSTS, silDE which encode the ATP-binding transporter system, and the silC/ silCR locus. The sil locus is organized similarly to the blp system of S. pneumoniae and SilAB are homologous to BlpRH (Hidalgo-Grass et al., 2002) . Overlapping a majority of the silC gene, but transcribed from the reverse strand, is a gene encoding a QS peptide pheromone, silCR. Like CSP and bacteriocin peptides, the full length Mutans groups of streptococci, the most proximal regulator of competence genes is the ComRS system. ComS is secreted and processed to the SigX inducing peptide (XIP) via an unknown mechanism. XIP is imported into the cell by the Opp transporter system where it directly interacts with ComR. ComR binds to DNA and upregulates expression of comS as well as sigX, an alternative sigma factor controlling expression of later competence genes. In S. mutans, these two pathways interact although the mechanism and reason for this interaction is not understood. The figure is a modified reproduction SilCR peptide contains a Gly-Gly processing motif (Hidalgo-Grass et al., 2002 Eran et al., 2007) . silAB and silDE/CR appear to be co-transcribed from two promoters, termed P1 and P3 respectively. Upon addition of SilCR peptide, induction of the P3 promoter occurs in a SilA-dependent fashion, controlling several putative bacteriocin-related genes (Eran et al., 2007; Belotserkovsky et al., 2009) .
The Sil system is not present or functional in all strains of S. pyogenes; SilC is not found in M1 or M3 strains, the ATG start codon has been mutated in M14 strains and the putative pheromone transporter SilD is truncated in M18 strains (Hidalgo-Grass et al., 2004) . Although the frequency of the sil locus in S. pyogenes is fairly low, it is far more frequent in S. dysgalactiae subsp. equisimilis (SDSE or Group G Streptococcus), and the SilCR peptide can facilitate cross-species communication between S. pyogenes and SDSE (Belotserkovsky et al., 2009) . Interestingly, sil has a high degree of homology to comCDE of S. pneumoniae and a putative com-box promoter is located upstream of silC (Hidalgo-Grass et al., 2002), although SigX was not found to influence Sil regulation (Eran et al., 2007) .
When examined in the context of virulence, SilCR was originally reported to control the development of necrotic lesions in mice and the authors hypothesized that SilCR could act as a therapeutic to control invasive S. pyogenes infections (Hidalgo-Grass et al., 2004) . A conflicting study later examined the role of the Sil system in expression of genes involved in the formation of necrotic lesions by S. pyogenes: sagA encoding streptolysin O which has been shown to play a role in virulence and invasion (Betschel et al., 1998; Datta et al., 2005) , spyCEP (also known as scpC), a serine protease that also contributes to necrotic lesion formation (Hidalgo-Grass et al., 2006; Sumby et al., 2008) , and siaA, a gene involved in iron regulation and the formation of murine necrotic lesions (Montanez, 2005) . This study found that addition of the SilCR peptide influenced expression of these genes in a growth-phase-dependent manner. In contrast to earlier data, this study found no therapeutic benefit of addition of the SilCR peptide in a murine necrotic lesion model, and instead reported impaired lesion healing following addition of the peptide (Salim et al., 2008) . The presence of the SilCR peptide appears to attenuate virulence in a mouse model of infection with GGS and vaccination against SilCR in this model actually results in a more severe infection (MichaelGayego et al., 2013 ). It appears from these conflicting results that SilCR action may be species, strain or serotype dependent and further research must be done to determine the role of this QS system in streptococcal infections.
Rgg regulators and short hydrophobic peptides (SHPs)
Competence Pheromones of Pyogenic, Bovis, Salivarius and Mutans streptococci As genome sequences of many streptococcal species were completed around the turn of the century it was recognized that virtually all retained intact DNA uptake and integration genes, along with the alternative sigma factor gene sigX, required for natural transformation (Claverys and Martin, 2003) . Less clear were methodologies or conditions that would favor natural transformation in laboratory settings for most species, and genome sequences did not provide clear indications that the QS pathways found in Mitis and Anginosus groups, encoding comAB/com-CDE, were present in Salivarius, Pyogenic, or Bovis groups. Though transformation had become possible for S. thermophilus by over-expressing SigX (Blomqvist et al., 2006) , mechanisms for natural induction in these groups remained poorly understood. In a similar vein, when a pathway hypothesized to be the comCDE equivalent in S. mutans was disrupted, measurable levels of transformation continued (Ahn et al., 2006) , indicating that other regulatory components controlling the competent state remained undiscovered. Such a pathway was recently identified and found to employ a separate family of regulators and peptides (Fontaine et al., 2010; MashburnWarren et al., 2010) . This pathway, termed ComRS, responds to a short linear peptide, encoded by comS and called XIP for sigX inducing peptide. ComR is the receptor for XIP, and is a member of the Rgg family of transcriptional regulators. The ComRS pathway appears to be the proximal regulator of SigX (and thus, the late competence genes) among the Pyogenic, Salivarius, Bovis and Mutans groups, and serves as a functional alternative to the pneumococcal ComAB/ComCDE pathway since Com-RS is not present in the Anginosus or Mitis groups.
Two classes of ComRS are recognized, based on amino acid sequences of ComR and ComS and the predicted DNA binding sites of ComR. Type I ComRS variants are found in species of the Salivarius group, and Type II in Pyogenic, Mutans and Bovis species (Fontaine et al., 2010 (Fontaine et al., , 2013 Mashburn-Warren et al., 2010; Fleuchot et al., 2011) . The clearest difference between these groups can be seen at the C-terminus of ComS, which encodes the mature pheromone; Type II peptides contain a double tryptophan motif while Type I variants do not (Table 1) .
The XIP peptides differ from bacteriocin-like CSP peptides in that they do not contain a Gly-Gly motif in the leader sequence. In fact, leader sequences of ComS peptides vary greatly in their length and properties. In some pyogenic species like S. pyogenes, ComS is 32 amino acids with a leader that shares some properties with classic signal sequences (von Heijne, 1986 ) whereas the S. mutans ComS is only 17 amino acids and the leader bears no resemblance to a signal sequence. Production of mature XIP does not require the Eep protease (Khan et al., 2012) and specific processing and secretion machinery has not yet been identified. Once mature XIP is produced outside of the cell, it is re-imported via the Opp system where it interacts directly with ComR to bind promoter sequences upstream of comS and sigX (Mashburn-Warren et al., 2010). Auto-regulation of comS generates a positive feedback loop that results in a robust cellular response to pheromone and a vigorous induction of sigX and competence-related genes.
In S. mutans, the comRS pathway was shown to be epistatic to the pathway named comCDE (a blp-like locus named for its homology to the S. pneumoniae comCDE genes, see below) in its ability to regulate sigX. Unlike comE, deletion of comR, comS, or the pheromone uptake apparatus, opp, completely abolished competence (Mashburn-Warren et al., 2010). Nonetheless, the comCDE genes and CSP do have an important impact on competence, and the interaction between the comCDE and com-RS pathways remains an intriguing puzzle (Fig. 5) . Recently, it was shown that environment, and growth media in particular, play an important role in competence development in the laboratory. Results from studies using a gfp reporter of sigX expression demonstrated that S. mutans responded to exogenous CSP in complex medium (BHI) but not in a peptide-free chemically defined medium (CDM). In contrast, S. mutans did not respond to XIP in peptide-rich medium, but in CDM XIP stimulated cells at sub-micromolar concentrations (Son et al., 2012) . CSP's effect on competence occurs only in a subpopulation of cells, displaying a bimodal distribution in sigX expression across the population, whereas XIP induction in CDM is unimodal, occurring in all cells (Aspiras et al., 2004; Lemme et al., 2011; Son et al., 2012) . Interestingly, the effects of CSP require the presence of comS and presumably the production of XIP; however, an opp deletion mutant did not affect bimodal induction (Son et al., 2012) . These perplexing findings highlight the interplay between two intertwined pheromone pathways and provide a fine illustration of the complexities that signaling circuits can have when coupled together (Fig. 5) .
Although all species of streptococci contain at least one of these competence regulatory systems, most remain recalcitrant to methods that would stimulate the competent state in the laboratory. It was not until the past year that natural transformation was demonstrated in members of the Bovis group, including S. infantarius and macedonicus species (Morrison et al., 2013) . In the human pathogen S. pyogenes, natural transformation has not been demonstrated but the expression of SigX and downstream competence genes was shown to be dependent on the ComRS system (Mashburn-Warren et al., 2012) . Though all genes hypothesized to be required for transformation are apparently intact in this species, it is currently unclear whether some streptococci have lost the ability to become competent or if the optimal conditions have not yet been determined.
Emerging Rgg pathways
The Rgg family of pheromone-responsive transcription factors, which includes ComR, is increasingly recognized as having a widespread presence among many species of Firmicutes. Sulavik et al. first defined the role of Rgg in S. gordonii as a regulator gene of glucosyltransferases (Sulavik et al., 1992; Sulavik & Clewell, 1996) . Rgg-like regulators (sometimes called MutR) have since been found in a wide range of Gram-positive bacteria (Sanders et al., 1998; Chaussee et al., 1999; Qi et al., 1999; Samen et al., 2006; Ibrahim et al., 2007a; Chang et al., 2011; Dumoulin et al., 2013) and control a variety of bacterial processes, including production of the cysteine proteinase SpeB in S. pyogenes (Lyon et al., 1998; Chaussee et al., 1999) , S. mutans lantibiotic bacteriocin production (Qi et al., 1999) , and virulence gene regulation in S. agalactiae (Samen et al., 2006) , among others. Only in recent years were Rgg members, once considered to be 'standalone regulators ' (Kreikmeier et al., 2003) , shown to respond to SHPs that serve as pheromones. In a bioinformatics study that analyzed intergenic regions of select streptococcal genomes, it was found that rgg-like genes were frequently found adjacent to small genes encoding SHPs (Ibrahim et al., 2007a) . This study identified 10 rgg/ shp pairs in 5 different species of streptococci, and none of the SHPs described had been previously annotated. Recent work by the same investigators expanded the analysis to identify rgg-like genes for 90 genomes, including Lactobacillale and Listeriaceae species (Fleuchot et al., 2011) . A total of 494 rgg genes were identified, along with 61 adjacent shp genes that were categorized separately from 27 putative XIP-encoding open reading frames.
The first clear indication that an Rgg protein responded to a SHP peptide was reported in S. thermophilus, where gene regulation by rgg1358 was found to rely on the adjacent shp1358, the eep protease, and the ami oligopeptide transport system (Ibrahim et al., 2007b; Fleuchot et al., 2011) . The primary target of this regulatory pathway is a gene encoding a cyclical peptide, Pep1357C. Although the function of this cyclic peptide remains unclear, it is speculated to regulate another signaling pathway or possibly act as an antimicrobial peptide.
Additional evidence that Rgg proteins make up a widespread QS family was provided by work in other streptococci. All S. pyogenes strains sequenced to date contain four rgg paralogs, named rgg1 through rgg4 based on homology scores to the S. gordonii rgg (Fig. 6) . In 2011, it was demonstrated that two Rgg/SHP pairs, Rgg2/SHP2 and Rgg3/SHP3, constituted the first conserved QS system identified in this species (Chang et al., 2011) . In this system, Rgg2 and Rgg3 act as competing regulators with Rgg3 as a repressor and Rgg2 as an activator, both working on the promoters for the two adjacent shp genes. SHP2 and SHP3 require Eep for processing, although possible additional processing and export elements have yet to be identified. The mature peptides are re-imported into the cell via Opp where each interacts with both Rgg2 and Rgg3. In the absence of pheromone, Rgg3 serves to block transcription of target promoters, and the effect of SHP binding is to displace Rgg3 from the operator site (Chang et al., 2011; LaSarre et al., 2012) . This event alone is not enough for robust expression from the regulated promoters; Rgg2 also needs to engage a SHP peptide for full activation of Rgg targets (Chang et al., 2011) . Two target promoters of Rgg2 and Rgg3 have been identified and shown to regulate operons that include each shp gene along with several genes of unknown function. Why two Rgg proteins and two separate pheromones are used by S. pyogenes to control expression of these genes is not clear, but it could provide a mechanism to ensure tight repression in the absence of pheromone and robust activation when induced. Rgg3 bound to DNA in the absence of pheromone sterically blocks the promoter from RNA polymerase and maintains a repressed state of transcription. However, elimination of Rgg3 by mutatgenesis does not result in high levels of transcription; this only occurs with the ability of Rgg2 to activate when bound to a SHP pheromone. Evidence suggests that production of SHP2 involves a different pathway from SHP3, a process that may be determined by the peptide leader sequence (Lasarre et al., 2013) . Having separate secretion or processing pathways for pheromones that regulate identical targets suggests that S. pyogenes finds it beneficial to control pheromone production by at least two different mechanisms. For instance, the differential activity observed in SHP production may be dictated by environmental conditions. In such a scenario, coupling environmental conditions to QS would offer a simple method for the cell to determine if two conditions, in this case the culture environment and the culture density, are satisfactory to carry out a process. Since NZ131 uses the Rgg2/3 signaling pathway to regulate biofilm growth (Chang et al., 2011) , it stands to reason that cells in the population monitor environmental conditions and then decide as a group whether to form a biofilm.
Among the Rgg proteins of S. pyogenes, Rgg1, better known as the regulator of proteinase B (RopB), is best understood in its relationship to pathogenesis, since it is known to activate SpeB, an important virulence factor (Neely et al., 2003) . Three lines of reasoning sustain the hypothesis that RopB may use a secreted peptide as a signal to activate speB. First, protein structure-prediction algorithms PHYRE (Kelley & Sternberg, 2009 ) and I-TASSER (Zhang, 2008) , suggest that RopB shares structural attributes consistent with the RNPP family members PlcR and PrgX. Secondly, deletion of the Opp system in S. pyogenes significantly lowered the levels of SpeB produced (Podbielski et al., 1996) , and finally, ectopic expression of RopB alone was not sufficient to promote speB expression (Neely et al., 2003; Shelburne et al., 2011) . Unlike typical Rgg/SHP pairs, RopB is not divergently transcribed from a shp-like gene and peptide identification has thus far eluded scientists. Recent evidence suggests that RopBdependent activation of SpeB in late exponential growth . Rgg/SHP pathways in Streptococcus pyogenes. All sequenced species of S. pyogenes contain four Rgg paralogs. Rgg1 (RopB) controls expression of SpeB and other virulence factors. The putative Rgg1 cognate peptide is unknown. Divergently transcribed from rgg2 and rgg3 are the short hydrophobic peptide genes shp2 and shp3, respectively. The comS gene is located downstream of comR, encoded on the same DNA strand. The pheromones are translated as pre-peptides prior to processing by Eep, secretion, and further extracellular processing. Mature peptides are imported into the cell where they can interact with their Rgg receptor to influence cellular behaviors such as biofilm formation and competence development. The figure is a modified reproduction (Federle, 2012) .
is negatively affected by a peptide originating from a protein, Vfr (Shelburne et al., 2011) . Clear parallels can be drawn to the enterococcal conjugation inhibitory peptides and it will be interesting to learn if a corresponding activating pheromone is implicated to interact with RopB. QS functionality of Rgg proteins continues to expand to other species. An Rgg system previously shown to regulate virulence factor production in S. agalactiae, termed RovS (Samen et al., 2006) , was examined prior to the 2007 characterization of the adjacent shp gene, shp1520 (Ibrahim et al., 2007a) . Recently, it was demonstrated that SHP1520 and RovS comprise a QS circuit in S. agalactiae and also serve as a cross-species signaling system together with the SHP/Rgg circuit of S. pyogenes . The terminal eight amino acids of SHP1520 and SHP2 are identical, leading investigators to examine whether production of the peptide by one species would influence gene expression in the other. Unlike in S. pyogenes where both activator (Rgg2) and repressor (Rgg3) control expression of the shp genes, S. agalactiae only contains RovS, a homolog of Rgg2. Addition of spent culture supernatants as well as co-culture studies demonstrated that the production of SHP1520 as well as its activator, RovS, could induce the expression of SHP2 and SHP3 in S. pyogenes and vice versa. S. agalactiae is not the only species to contain SHP2 homologs and S. dysgalactiae subsp. equisimilis and S. porcinus peptides also induced peptide expression in both S. pyogenes and S. agalactiae . Synthetic SHPs from similar classes of Rgg could also induce gene expression responses in S. mutans, and S. thermophilus (Fleuchot et al., 2013) . These initial examples of cross-species signaling among streptococci provide important new insights into the extensive role Rgg/SHP pairs may play in regulating bacterial behaviors.
Pheromone quenching
Clearly peptide pheromones play a key role in bacterial gene regulation and virulence behaviors and recent studies have begun to focus on peptide inhibitors as a means to combat these QS-controlled processes. Ostensibly, inhibition of QS-mediated pathogenesis could provide an important alternative to antibiotics with the benefit of decreased pressure to evolve resistance. Recent comprehensive reviews discuss the current research on QS inhibitors (QSIs) and the potential they present for therapeutics and drug design (Gonzalez & Keshavan, 2006; LaSarre & Federle, 2013) . Most of the recent research in QSIs has focused on Gram-negative bacteria and research in Gram-positive QSIs has mostly been centered around S. aureus AIP although research into other species is beginning to emerge.
A 2007 study examined actinomycete metabolites for their ability to inhibit the production of GBAP and fsr signaling in E. faecalis without inhibiting growth. This study identified a peptide antibiotic, siamycin I as inhibiting GBAP production as well as gelatinase at sub-lethal concentrations (Nakayama et al., 2007) . The authors suggest that this compound could be used as a therapeutic if it is further developed. A 2009 screen by the same group of fungal butanol extracts found that ambuic acid also inhibited gelatinase production without inhibiting growth of E. faecalis (Nakayama et al., 2009) . More recently, a high-throughput screen (HTS) was developed to identify compounds that inhibit the agr and fsr QS systems. This HTS has already resulted in four compounds found to inhibit QS but not growth (Desouky et al., 2013) . Addition of mutated peptides has been shown to decrease QS ability in S. pneumoniae. Addition of CSP-E1A, a mutant CSP where the first glutamic acid residue was changed to an alanine inhibited competence development, likely by competition, and also reduced virulence factor expression (Zhu & Lau, 2011) . These screens strongly suggest that a myriad of compounds with QSI activity likely exist and may be the key to avoiding the ever-increasing danger of antibiotic resistance in bacterial pathogens.
It may also be possible to exploit bacterially derived peptides to quench signaling systems. In the case of E. faecalis, bacterially produced inhibitor peptides can prevent the transfer of genes via conjugation. Similarly, S. aureus produces four types of AIPs, each of which can activate their cognate receptor AgrC and concurrently block signaling from other AIPs by competitive inhibition (Lyon et al., 2002) . Use of bacterially-produced inhibitor peptides or pheromone analogs to directly inhibit or competitively block bacterial signals could serve as a means to interfere with the virulence and resistance phenotypes associated with QS.
Conclusion
A myriad of pheromone-based systems exist in both Grampositive and Gram-negative bacteria controlling a wide array of bacterial behaviors. In Gram-positive bacteria, peptide pheromones and their cognate receptors fall into four important groups; Agr-like peptides, peptides containing Gly-Gly leader sequences, RNPP family regulators and Rgg regulators. Examples of all four of these groups can be found in the genera Streptococcus and Enterococcus. New peptides are still being described, many of which have currently unknown functions (Ibrahim et al., 2007a, b) . It is a strong possibility that many more bacterial processes are controlled by pheromones than scientists currently realize. As new peptide systems are discovered and characterized, and if found to influence pathogenic attributes of host-microbe interactions, then QSIs may become an increasingly important source of novel therapeutics against bacterial infections, while providing treatments that are less likely to impose the evolutionary constraints associated with the development of antibiotic resistance.
